Human mitochondrial complex II is an intriguing enzyme, which has been the focus of medical research during the past few decades since it contributes to pathogenesis of mitochondrial diseases as well as a target for chemotherapy. Reactive oxygen species (ROS) produced by this enzyme has been implicated in both these conditions. While ROS produced from mutated mitochondrial complex II has been implicated in pathogenesis of mitochondrial diseases, ROS produced from pharmacologically inhibited mitochondrial complex II has been implicated in cancer cell death. In this chapter, we show that inhibition of mitochondrial complex II in human cancer cells with atpenin A5 produces detectable levels of ROS while normal cells do not. Thus, this enzyme may be used as a potential target for developing new anticancer drugs to trigger ROS-mediated selective death of cancer cells.
Introduction
Human mitochondrial complex II (succinate:ubiquinone oxidoreductase; succinate dehydrogenase (SDH)) is an intriguing enzyme, which has been the focus of medical research during the past few decades since it contributes to pathogenesis of mitochondrial diseases (for recent reviews, see [1, 2] ) and also a target for chemotherapy [3] [4] [5] .
Structure of mitochondrial complex II
Mitochondrial complex II is a heterotetrameric protein embedded in the inner mitochondrial membrane. Its four subunits are referred as flavoprotein subunit (Fp), iron-sulfur subunit , and [3Fe-4S] 1+,0 as prosthetic groups. Subunits CybL and CybS, with heme b as the prosthetic group, form the anchor domain of the enzyme. This anchors the catalytic domain to the inner mitochondrial membrane and also forms the quinone (Q)-binding site, together with the Ip subunit [6, 7] (Figure 1 ).
In 2003, our laboratory revealed that human mitochondrial complex II exists in two isoforms, which differ in the Fp subunit. These two human Fp subunits, which are referred as Fp I and Fp II, differ only in two amino acids in the C-terminal of the protein-Tyr629Phe and Val657Ile [8, 9] . The majority of human tissues have shown expression of both isoforms of complex II with predominant expression of type I Fp. However, some cancer cell lines and fetal tissues have shown predominant expression of type II Fp also [4] . Furthermore, type II Fp expression has been found to increase in cultured cells under ischemic conditions [10] . Moreover, our laboratory has revealed that Fp subunit of human complex II undergoes posttranslational modifications by phosphorylation of its tyrosine, threonine, and serine residues under tumor mimicking microenvironments (hypoxic and hypoglycemic conditions), which affects its enzymatic activity [11] . 
Function of mitochondrial complex II
In human cells, this enzyme plays dual roles as an indispensable enzyme in the TCA cycle as well as in the aerobic respiratory chain (Figure 2) . It oxidizes succinate to fumarate in the TCA cycle and reduces quinone to quinol in the aerobic respiratory chain [6, 12] . This is in contrast to the function of the mitochondrial complex II of the anaerobic organisms such as Ascaris suum, which oxidizes quinol into quinone that is coupled with reduction of fumarate to succinate (Figure 3 ) [13] . However, our laboratory has revealed distinct fumarate reductase (FRD) activity in the human cancer cells, which have significantly increased upon exposure to hypoxia and hypoglycemia. In these cells, mitochondrial complex II is reported to acquire FRD activity through phosphorylation of its Fp subunit [11] . This finding is further supported by recent metabolic profiling studies also on gastric and colon carcinomas [14] . In addition to its role in energy metabolism, mitochondrial complex II has been identified to have a novel function as a tumor suppressor in certain tissues. Mutations in its subunits are reported to cause cancers such as pheochromocytoma (tumors of the chromaffin cells in the adrenal medulla) and paraganglioma (extra adrenal tumors of sympathetic or parasympathetic origin). Moreover, breast, thyroid, and renal carcinomas are also known to be associated with complex II mutations. More recently, mutations in the complex II assembly factors, succinate dehydrogenase assembly factor 1 (SDHAF1) and succinate dehydrogenase assembly factor 2 (SDHAF2), are also reported to be linked with infantile leukoencephalopathy and paraganglioma (for a recent review, see [2] ). Electrons originating from NADH oxidation in complex I reduce the rhodoquinone (RQ) to rhodoquinol (RQH2) at its Q site. Rhodoquinol is subsequently oxidized to rhodoquinone at the Q site of the complex II. The resulting electrons are transferred via the Fe-S clusters and FAD to reduce fumarate to succinate. Fumarate is the terminal electron acceptor of the anaerobic respiratory chain.
Mitochondrial Diseases

ROS production from mitochondrial complex II
Reactive oxygen species (ROS) are inevitable byproducts of the aerobic respiratory chain. Major ROS produced by the respiratory chain is superoxide (O 2 − ). It is subsequently dismutated into hydrogen peroxide (H 2 O 2 ) by superoxide dismutase (Figure 4 ). Both O 2 − and H 2 O 2 are known to contribute to physiological and pathological redox signaling [15, 16] .
However, conventionally, mitochondrial complex II is not identified as a significant source of ROS. But, two potential ROS-producing sites can be identified in mitochondrial complex II when its sequence of electron transport is considered together with the spatial arrangement of its redox centers. When one molecule of succinate is oxidized by complex II, FAD is reduced with two electrons, but subsequent transfer of electrons through Fe-S clusters occurs one at a time. Hence, when one electron is delivered to the proximal Fe-S cluster from FAD, a flavin radical is formed until the second electron is delivered. Similarly, after sequential transfer of single electrons through Fe-S clusters, quinone is reduced with two electrons. Hence, when one electron arrives at the Q site, until another electron arrives from Fe-S clusters, a quinone radical is formed. These two radicals have the potential to generate ROS, if there is accessibility to oxygen ( Figure 5 ).
During the past two decades, complex II has emerged as an important source of ROS. On the one hand, ROS produced from mutated complex II has been proposed to be the underlying cause of complex II-associated human diseases. Thus, numerous studies have been conducted to understand ROS production from human complex II. Most of these studies have been conducted on model organisms such as Escherichia coli, Saccharomyces cerevisiae, and Caenorhabditis elegans [17] [18] [19] [20] . A hallmark in these studies is the finding that the mev-1 mutation in the mitochondrial complex II of C. elegans results in enhanced O 2 − production and oxygen hypersensitivity [19, 20] . Later on, this finding was further reinforced by a study using a transgenic mouse cell line with the equivalent mutation in the CybL gene as the mev-1 mutation demonstrating O 2 − overproduction from mitochondria that leads to tumorigenesis [21] . More recently, mutations in the Ip subunit in the C. elegans have also been found to display enhanced ROS production [22] . Site-directed mutagenesis of CybS subunit in E. coli [23] and the Ip and CybS subunits in S. cerevisiae [18, 24] has also shown enhanced ROS production providing further support for the hypothesis that ROS underlies the complex II mutations-associated carcinogenesis. Indeed, some studies have been conducted on human cell lines using pharmacological and genetic interventions to mimic complex II mutations, but the results are controversial. For example, ROS production from human mitochondrial complex II has been shown by Guzy et al. [25] in intact cells of the hepatoma cell line Hep3B by inhibiting the complex II activity by the Q site inhibitor theonyl trifluoroacetone (TTFA)
and by RNA interference of Ip subunit. In contrast, RNA interference of the same subunit of complex II in the same cell line by Cervera et al. have failed to detect ROS production [26] .
On the other hand, ROS produced from mitochondrial complex II has received considerable attention as a mediator of "mitocans" (a novel class of mitochondrial targeted anticancer drugs) induced cancer cell death [5] . Interestingly, complex II Q site inhibiting mitocan, ɑ-tocopheryl succinate (ɑ-TOS) has been found to induce ROS only in complex II competent cells but not in complex II mutant cells [27, 28] , indicating the importance of a wild-type complex II for its action. More importantly, this complex II inhibitor has caused selective death of cancer cells, but the exact reason for this selectivity is not yet understood [29] . In this chapter, we show that the potent and specific complex II Q site inhibitor atpenin A5 [30] can specifically induce ROS production in two human cancer cell lines HT-29, which predominantly express Fp I, and DLD-1, which predominantly express Fp II in the mitochondrial complex II but not in the noncancerous tissue, human dermal fibroblasts that predominantly express Fp I. This difference in ROS production may be attributed to the difference in the posttranslational modifications of the wild-type mitochondrial complex II's in normal cells and cancer cells. This finding highlights new avenues in developing complex II-targeted mitocans with considerable promise.
Materials and methods
Culture of cells
Human colon cancer cell lines HT-29, which predominantly express Fp I in its complex II, and DLD-1, which predominantly express Fp II in its complex II, were obtained from ETCC and grown in glucose-free Roswell Park Memorial Institute (RPMI) medium supplemented with 1 g/L of glucose with 10% heated fetal bovine serum, 100 units/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B at 37°C and 5% CO 2 in a humidified incubator. The medium was renewed in 48 h intervals, and the cells were harvested at 70% confluence. Human dermal fibroblasts, which predominantly express Fp I in its complex II, were obtained from Cell Applications Inc., Japan, and grown in Dulbecco's Modified Eagle Medium Nutrient Mixture F-12 (DMEM-F12).
Analysis of complex II isoform expression
Analysis of complex II isoform expression was carried out as described previously [8] . Briefly, total RNA was isolated from cultured cells using TRIzol LS reagent (Invitrogen) according to the manufacturer's instructions. After removal of residual DNA by treating with DNAse, cDNA was synthesized from total RNA using ReverTraAce (Toyobo, Japan) and an oligo (dT) primer. DNA sequence of the Fp I subunit of the complex II was amplified using Taq DNA polymerase with the sense primer 5′tacggagcaggca 3′ and the antisense primer 5′aatggtggcgggac 3′ and that of the Fp II subunit was amplified with the sense primer 5′cggacagaggcg3′ and the antisense primer 5′aatggctggcgggat3′. The resulting PCR products were subjected to agarose gel electrophoresis, and the two isoforms were identified by the size of the PCR products in the ethidium bromidestained agarose gels scanned with the electronic transilluminator FAS III (Toyobo, Japan).
Isolation of mitochondria
Cells cultured in three 225 cm 2 flasks were harvested by trypsinization. The cells were suspended in mitochondria preparation buffer (250 mM sucrose, 20 mM HEPES, 3 mM EDTA, and 1 mM sodium malonate), pH 7.5, and homogenized with a power-driven glass-teflon PotterElvehjem homogenizer (20 passes). The homogenate was centrifuged at 700 × g for 15 min to pellet the cell debris and nuclei. The resulting supernatant was centrifuged at 14,000 × g for 15 min to sediment the mitochondria. The pellet was washed thrice with the mitochondria isolation buffer without sodium malonate, resuspended in the same buffer, and stored on ice until analysis. Integrity of the mitochondria was analyzed by citrate synthase activity in the presence and absence of 0.05% sucrose monolaurate (SML) in the assay mixture.
H 2 O 2 assay in isolated mitochondria
Hydrogen peroxide-mediated oxidation of the fluorescent probe Amplex Red (10-acetyl-3,7-dihydroxyphenoxazine) to resorufin was used to determine the H 2 O 2 generation rate of the isolated mitochondria as described previously [31, 32] . Since Amplex Red does not enter the mitochondria, polyethylene glycol-conjugated SOD (PEG-SOD), a membrane permeable form of SOD, was added to the reaction mixture to convert the O 2 − produced in the mitochondrial matrix into H 2 O 2 , which is subsequently released to the cytosol. The assay was performed in a 96-well plate maintained at 25°C. The resorufin formation rate was measured in SpectraMax Plus spectroflourometer (Molecular Devices, Sunnyvale, CA) at an excitation wavelength of 540 nm and emission wavelength of 590 nm. The H 2 O 2 generation rate was calculated using a standard curve (0-1000 nmol/ml). To eliminate the fluorescence increment due to nonspecific oxidation of Amplex Red, a parallel assay was performed in the presence of catalase, an enzyme that scavenges H 2 O 2 , and the result was obtained by subtracting the amount of H 2 O 2 produced in the presence of catalase from that in the absence of catalase.
H 2 O 2 generation assays were also performed in the presence of respiratory chain inhibitors-10 mM nitropropionic acid (NPA), which blocks the dicarboxylate-binding site of complex II; 10 μM atpenin A5, which blocks the Q site of complex II; and 10 μM antimycin A, which blocks the Qi site of complex III in order to dissect the specific ROS-producing site of the respiratory chain.
Superoxide assay in intact cells
MitoSOX Red is a fluorescent probe that is targeted to the mitochondria of intact cells and oxidized by O 2 − produced within mitochondria. This probe was used to detect O 2 − production in the intact cells as previously described with slight modifications [33, 34] . Briefly, DLD-1 and HT-29 colon epithelial cells and the human dermal fibroblasts were cultured on cover slips and loaded with 5 μM MitoSOX Red and 50 nM MitoTracker Green (Molecular Probes, Eugene, OR) in the dark at 37°C in the CO 2 incubator for 15 min. After washing the cells for three times with prewarmed phosphate-buffered saline (PBS), three cover slip cultures each from DLD-1 and HT-29 cells were treated with the vehicle (0.2% DMSO), PEG-SOD or 10 mM NPA and incubated for 30 min. Thereafter, 10 μM atpenin A5 was added to all the cover slip cultures and imaged at 488 nm/455 nm excitation and emission wavelengths for MitoTracker Green and 633/650 nm for MitoSOX Red immediately (0 min images) and after 30 min (30 min images), using a confocal laser scanning microscope (LSM 510, Carl Zeiss, Germany). The two cover slip cultures of dermal fibroblasts were treated with 0.2% DMSO for 30 min, and subsequently one was treated with 10 μM atpenin A5 and the other one was treated with 1 μM antimycin A. Image acquisition of dermal fibroblasts was done similar to those of DLD-1 and HT-29 cells.
Statistical analysis
Results of the H 2 O 2 assay are expressed as means ± SEM of three independent experiments. The data were analyzed using Shapiro-Wilks test followed by one way ANOVA. Subsequently, Levene's test and Tuckey's post hoc tests were performed. The level of significance was P < 0.05. Graph Pad Prism software (version 7, USA) was used for the analysis.
Results
Complex II isoforms in cell lines
cDNA from the two cancer cell lines (HT-29 and DLD-1) and the normal cell line (dermal fibroblasts) were amplified using Fp I-and Fp II-specific primers to analyze the degree of expression of the two Fp types in complex II isoforms. As shown in Figure 6 , the results revealed that HT-29 and DLD-1 cells predominantly express Fp I and Fp II, respectively, in their complex II, whereas dermal fibroblasts predominantly express Fp I.
H 2 O 2 production from the complex II in isolated mitochondria
As shown by the first bar of Figure 7a -c, mitochondria isolated from all three cell lines generated with atpenin A5 almost completely abolished the succinate-dependent H 2 O 2 production in all three cell types. According to this observation, the increment in H 2 O 2 production from the mitochondria isolated from cancer cells in the presence of atpenin A5 is attributed to a leakage of electrons from a site upstream of the Q site and downstream of the dicarboxylate-binding site. However, one can argue that the difference observed in H 2 O 2 production between mitochondria of cancer cells and normal cells in the presence of atpenin A5 is due to the difference in the antioxidant defense systems between the two cell types. Therefore, we observed the H 2 O 2 production in isolated mitochondria in the presence of antimycin A, an inhibitor of the Qi site of complex III that is reported to induce ROS generation from the respiratory chain complex III [32] . As shown by the fourth bar of Figure 7a -c, addition of antimycin A to the reaction mixture could increase the H 2 O 2 production from mitochondria isolated from cancer cells as well as from the normal cells, indicating that the difference in the antioxidant levels is not the case.
Superoxide production from the complex II in live cells
When HT-29 and DLD-1 cells grown in RPMI medium containing glucose were treated with atpenin A5, their confocal images showed a clear red fluorescence in the cytoplasm while the untreated cells were devoid of such red fluorescence. To verify the localization of this fluorescence to mitochondria, the cells were simultaneously loaded with MitoTracker Green, a fluorescent probe that is specifically targeted to mitochondria. The resulting confocal images revealed that the green fluorescence of MitoTracker Green colocalize with the red fluorescence of MitoSOX Red indicating that MitoSOX Red is oxidized within mitochondria (Figure 8) . To determine whether MitoSOX oxidation is a superoxide-dependent process, the cells were preincubated with PEG-SOD, which can scavenge O 2 − generated within cells. In the presence of PEG-SOD, MitoSOX Red fluorescence was negligible (Figure 8, panels B and E) . This result indicates that the majority of the atpenin A5-induced MitoSOX fluorescence is superoxide dependent. Next, we attempted to determine whether the atpenin A5-induced O 2 − production is a succinate-dependent process by preincubating the cells with NPA before adding atpenin 
Discussion
ROS are produced from the mitochondrial complex II of the cancer cells (DLD-1 and HT-29) but not from the normal cells (dermal fibroblasts) when the entry of electrons to its quinonebinding site is blocked with 10 μM atpenin A5. However, previous studies in our laboratory have revealed that quinone reduction in the mitochondrial complex II can be completely inhibited at the tested concentration of atpenin A5 [8, 10] . Therefore, the difference in ROS production between cancer cells and normal cells may be attributed to a difference in the complex IIs that is upstream of the atpenin A5-binding site. Since the dicarboxylate-binding site inhibitor, NPA, could inhibit the ROS production induced by atpenin A5 in cancer cells, it is concluded that the ROS-producing site must be within the complex II, upstream of the atpenin A5 inhibition site(Q site) and downstream of NPA-binding site (dicarboxylate-binding site).
According to previous evidence, the most likely ROS-producing sites of mitochondrial complex II are FAD [35] [36] [37] site and the Q site [37] [38] [39] . Observations of this study show that the ROS-generating site of complex II in atpenin A5-treated cancer cells is FAD but not Q site.
In order to explain this observation, we analyzed the published data on the crystal structures of flavoproteins, which are available in both the substrate bound and unbound forms [40] [41] [42] . They have shown that the capping domain in Fp subunit rotates during the enzyme catalysis. When the active site is not occupied by the substrate, the capping domain is rotated away from the active site creating a solvent channel linking the active site and the surrounding aqueous environment. In the substrate bound state, the capping domain is rotated inward concealing the active site, preventing the access of solvent to the active site [37] . Thus, closed conformation acquired during enzyme catalysis appears to be vital for preventing the electron leak into oxygen. It appears that differences in the three-dimensional structure of the capping domain of the enzyme contribute to the difference in ROS production in cancer cells and normal cells. In fact, previous studies in our laboratory have shown that DLD-1 and HT-29 cells display FRD activity associated with the phosphorylation status of the Fp subunit of complex II and the degree of phosphorylation has been increased under hypoxic and hypoglycemic conditions [11] . If phosphorylation of amino acid residues in the Fp subunit can affect the correct movement of the capping domain during succinate oxidation, it will be possible for the electrons to leak to oxygen from the FAD site.
Our observation of a 1.5-fold higher ROS production from isolated mitochondria of DLD-1 cells than that of HT-29 cells may also have resulted due to the difference in the phosphorylation status of the two isoforms because the amino acids, which differ in the two isoforms, are found in the C-terminal domain of the Fp subunit, which plays an important role in opening and closing of the active site of the complex II enzymes [9] Substitution of tyrosine 629 in Fp I with phenylalanine in Fp II may affect the phosphorylation state of the C-terminal domain since tyrosine is a possible phosphorylation site while phenylalanine is not. This difference may affect the closing of the active site in Fp II during enzyme catalysis and allow more electrons to leak to oxygen from FAD. However, it is essential to resolve the crystal structure of the two isoforms of the human mitochondrial complex II with both the open and closed states of the capping domain and to establish the relationship between the phosphorylation status of the Fp subunit and the ROS production.
In summary, complex II Q site inhibitor atpenin A5 differentially affects the ROS production in normal cells and cancer cells. This difference may be utilized for selective destruction of cancer cells using complex II-inhibiting mitocans. We hypothesize that the difference in ROS production observed in this study is attributed to the difference in posttranslational modifications of mitochondrial complex II between normal cells and cancer cells, which may be more pronounced under hypoxic and hypoglycemic tumor microenvironments.
